The experimental realization and theoretical understanding of a two-dimensional multiple cells lumped ultrathin lightweight plate-type acoustic metamaterials structures have been presented, wherein broadband excellent sound attenuation ability at low frequencies is realized by employing a lumped element coupling resonant effect. The basic unit cell of the metamaterials consists of an ultrathin stiff nylon plate clamped by two elastic ethylene-vinyl acetate copolymer or acrylonitrile butadiene styrene frames. The strong sound attenuation (up to nearly 99%) at low frequencies is experimentally revealed by the precisely designed metamaterials, for which the physical mechanism of the sound attenuation could be explicitly understood using the finite element simulations. As to the designed samples, the lumped effect from the frame compliance leads to a coupling flexural resonance at designable low frequencies. As a result, the whole composite structure become strongly anti-resonant with the incident sound waves, followed by a higher sound attenuation, i.e., the lumped resonant effect has been effectively reversed to be positive from negative for sound attenuation, and the acoustic metamaterial design could be extended to the lumped element containing multiple cells, rather than confined to a single cell. Published by AIP Publishing.
I. INTRODUCTION
Due to the low frequency sound wave with wavelength as long as from several meters to hundreds of meters, by using the traditional methods, the sound insulation structures need making the thickness size comparable with the wavelength for effectively isolating the wave. Theoretically, according to the mass density law, at low frequencies, the acoustic transmission through a plate is inversely proportional to the thickness, mass density, and sound frequency. 1 This implies that the low-frequency performance of barriers can be improved by increasing the thickness and ultimately the mass of the system. 2 However, in most cases, this method is difficult for this to manipulate in practice due to the weight and volume constraints. So, the attenuation of low-frequency sound is a very challenging task. 3 The emergences of phononic crystals and acoustic metamaterials have provided a new thought for the vibration and noise attenuation at low frequencies. In 2000, the locally resonant phononic crystal had been put forward, wherein the cell size is two orders lower than the corresponding wavelength. 4 And that work has also been regarded as the origin of acoustic metamaterials. 5 The popular view at present is that the phononic crystals emphasize the periodicity of structures, while the acoustic metamaterials emphasize the negative effective parameters and subwavelength sizes of structure. Over the past decade, a great number of locally resonant phononic crystals and acoustic metamaterials structures with special functions were proposed. [6] [7] [8] [9] [10] [11] [12] Particularly, a membrane-type acoustic metamaterial with deep subwavelength thicknesses was proposed in 2008, 13 and a thin membrane structure with favorable sound absorption capability within the frequency band of 100-1000 Hz (Ref. 3 ) provided a new solution for engineering vibration and noise reduction. By employing minimal rigidity of the elastic membrane, the low-frequency sound attenuation and other novel properties could be obtained. [1] [2] [3] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] Since only the narrowband sound attenuation is achieved by the earliest membrane-type acoustic metamaterial structures, 13 a sought-after motivation is to design the structures with broadband strong sound attenuation ability. For example, Yang et al.
2 had achieved broadband insulation by stacking multiple layers arrays in series, 1 while Naify et al. 19 and Zhang et al. 22 realized the multipeaks sound transmission loss (STL) profile by coaxial ring mass or single-layer multiple cells arrays. 22 In addition, Naify et al. preliminarily investigated the effect of the frame structure compliance and suggested that more compliant frames could result in a reduction in the STL peak frequency bandwidth. 22 In fact, the array structure of single-layer multiple cells with more compliant frames is equivalent to a lumped element sample. On the other hand, Sui et al. proposed a sound-proof honeycomb acoustic metamaterial, which can achieve STLs always greater than 45 dB in the stiffness control region. 29 By introducing two mechanisms of non-resonance and monopolar resonance, Fan et al. proposed an acoustic metamaterial composed of multi-layer membrane-coated perforated plates for lowfrequency sound insulation.
The previously proposed elastic membrane-type acoustic metamaterial structures have shown very excellent sound reflection or absorption abilities. However, on the one hand, the stability of acoustic performance in elastic membrane structure is poor, and the resonant frequency is sensitive to the membrane tension, where a very slight tension difference could lead to a large frequency offset; 28 on the other hand, silicone rubber material has been widely used in the elastic membrane-type acoustic metamaterials, and such material very easily tends to aging even without external loads. This means that the elastic membrane-type acoustic metamaterials may be the best choice for some theory research, but for the practical application, these above-mentioned shortcomings will contract the application range. In this context, we have given a scheme to reduce the tension dependence by increasing the membrane thickness for improving the stability of acoustical performance. 14, 15 Actually, the tension dependence feature can also be eliminated by using the materials with higher Young's modulus to replace the soft rubber. However, the rigidity of plates are several orders higher than that of soft rubber membranes, which makes the design of the locally resonant structures using the stiff plates for low frequency sound attenuation to be difficult. Therefore, we have proposed a one-dimensional (1D) stiff film-type acoustic metamaterials by introducing the thin air layer between films for low frequency sound attenuation, 27 in which the resonant frequencies of structures are sufficiently low and the difficulty of tension control vanishes. However, the sound attenuation abilities of 1D structure are not good enough, and the total thickness is also larger than that of 2D elastic membrane-type acoustic metamaterials structure.
As to the above-mentioned phononic crystals and acoustic metamaterials structures, the local resonance is basically used to achieve the novel physical phenomenon. For the locally resonant structures, if the localized stiffness is insufficient and fails to completely separate the cells, a lumped element effect will be produced, which could significantly reduce the wave regulation capability of structures. Thus, the lumped element effect becomes an important negative factor for locally resonant structures design. In this work, a type of 2D multiple cells lumped ultrathin lightweight plate-type acoustic metamaterials structure with excellent sound attenuation in the low frequency range is proposed. With excellent sound attenuation ability, the proposed metamaterials could initiate exciting possibilities for designing subwavelength thicknesses sound barriers with versatile potential, and the application of noise reduction could be extended to new fields, such as the vehicle and resident environment.
II. MATERIALS AND METHODS
The employed stiff nylon plate is obtained by removing the coating layer from commercial polyamide-6-layer sheets (a type of commercial composite film using in chromatography experiments, which is comprised of a stiff nylon plate and a layer of lightweight coating). First, fabricate the metamaterial samples and measure the STL curves by employing the B&K type-4206 T impedance tube system, wherein the diameters of the tube and samples are D ¼ 100 mm. The acoustic metamaterials sample with square lattice composited of nylon plate and ethylene-vinyl acetate (EVA) frames is shown in Fig. 1(a) , wherein the thickness of each EVA frame is H ¼ 1.5 mm, and meanwhile for a unit cell (type-A cell), the In addition, the sample without mass disks composited of nylon plate and acrylonitrile butadiene styrene (ABS) frames ( Fig. 1(b) ) has been fabricated and measured for their STL curves, and so do the samples with steel mass disks composited of nylon plate and EVA (ABS) frames. The Young's modulus, Poisson's ratio, and density of the ABS are 1 GPa, 0.375, and 1190 kg/m 3 , and those of steel are 206 GPa, 0.33, and 7850 kg/m 3 , respectively. The plate is stuck with frames and masses by the high-strength glue, respectively. From Fig. 1(b) , it can be seen that the whole sample could also be considered as a lumped element "cell", which consists of one supercell (type-B cell) with four centrally located type-A cells and eight peripherally located type-A cells. In fact, that implies a lumped effect. If the localized rigidity of the frames is sufficient to completely separate the cells, the lumped effect tends to be absent and the low-order vibration modes of the entire sample are controlled by the natural frequencies of type-A cell; or else, the frames will couple with the plate and the low-order vibration modes will be controlled by the lumped coupling resonant modes.
To investigate the sound attenuation mechanism of the proposed structures in this work, by using the commercial finite element software COMSOL Multiphysics, an acousticstructure interaction simulation model for sound transmission is developed and shown in Fig. 1(c) . Sizes in the model are close to those in the experiment, wherein the outer edges of sample are fixed, and both the two surfaces are set as the plane-wave radiation boundary, which are 200 mm and 100 mm away from the left and right side of the sample, respectively. Then, a broadband plane wave with 1 Pa intensity is perpendicularly incident to the sample from the left side. In the simulation models, the viscoelastic damping loss (represented by the imaginary part of the Young's modulus) with 5% fixed ratio is defined in both nylon film and frames. According to the known sound pressure P i ¼ 1 Pa on the incident surface and the average sound pressure P o on the transmission surface, the STL can be calculated by STL ¼ 20*lg(P i /P o ). It is noted that the 2 loads 4 microphones method is employed to measure the sound transmission in the actual impedance tube, which results from that the reflection coefficient of the sound absorbing material situated at the end of impedance tube could not be ignored. In other words, if the sound absorption coefficient is high enough, the STL can be obtained by employing the 4 microphones method to test only once. In theory, to make sure that the measurement error of STL is always less than 1 dB, the sound absorption coefficient should not be less than 0.99. While, this purpose is difficult to be satisfied in practice, and therefore the 2 loads testing is usually used. However, in the simulation model, the surface for collecting the sound transmission signal is set as the plane wave radiation boundary condition, equivalent to defining the complete sound absorption boundary without any reflection, and therefore, there are no requirements for the 2 loads testing in the simulation model. As a result, the microphone for detecting the end reflection signal in the actual impedance tube system is no longer needed, which means the actual testing condition can be simulated completely by the simulation model.
In theory, for the actual impedance tube system, the collected complex sound pressure amplitudes of the 4 microphones could be marked as P1, P2, P3, and P4 starting from the side of sound source, respectively. Assuming their relationships as linear, then according to the definition, in the case that the reflection coefficient of the sound-absorbing end is zero, the STL can be solved by the following equation:
It means that in this case, for solving the STL, only incident sound pressure P1 and transmission sound pressure P3 are needed. Additionally, Fig. 1(d) shows the structure of the sample with 12 steel mass disks.
III. LUMPED COUPLING RESONANT EFFECTS A. Samples without mass disks
The STL curves of the metamaterials samples with different frame materials and homogeneous 1.5 mm-thickness EVA plate sample are experimentally measured and then compared with each other in Fig. 2(a) , wherein the frequencies denoted by black arrows are 234 Hz, 580 Hz, and 1140 Hz in turn, and those denoted by blue arrows are 400 Hz and 963 Hz, respectively. By evaluating the measured STL curves of EVA and ABS frames samples, it can be seen that in the band below 1140 Hz, the STL amplitudes of the EVA frame structure are significantly greater than those of the homogeneous EVA plate. The maximum increase reaches up to 28 dB at 580 Hz, and the average increase gets up to nearly 20 dB. Even though only considering the bands above the first STL dip (it is generally believed that the band below the first transmission dip belongs to the stiffness control region and the STL amplitudes mainly depend on the boundary condition of the sample), i.e., the ranges above 234 Hz, the maximum STL amplitude at 580 Hz reaches 39 dB. Because the STL is a logarithmic value, the STL rising to 40 dB means that only 1% sound wave could transmit the structure, and 99% will be attenuated. The STL peak herein results from the anti-resonance (which will be combined later with the vibration displacement contours for further discussion), so the mechanism is consistent with the earliest membrane-type acoustic metamaterials, 13 and the sound attenuation derives mainly from the reflection. In the range below 1000 Hz, the average STL value of the metamaterials structure is close to 25 dB, which implies that only less than 6% of the sound wave could transmit the structure, and the attenuation percentage reaches up to more than 94%. In addition to the stiffness control region, the bandwidth with sound attenuation exceeding 30 dB has reached up to nearly 200 Hz, which shows the excellent sound insulation capacity. Compared with the previous elastic membranetype structures, higher STL amplitudes could be achieved by single layer structure without any additional mass disks. In addition to the 1/4 area covered by the frames, the thickness of the rest area is only 0.2 mm, as thin as a piece of common paper! By comparing STL curves of the metamaterials samples and the homogeneous1.5 mm-thickness EVA plate, it can be seen that although these structures have similar surface density, STLs of the metamaterials structures are significantly greater than those of the homogeneous EVA plate.
By comparing the measured STLs of the nylon plate structures with softer EVA and stiffer ABS frames in Fig.  2(a) , which suggests that due to the coupling interaction between the frames and plate, the total stiffness of the sample with the EVA frames is smaller than that of the ABS frames one, and so is the coupling resonance frequency, which results in that the first dip frequency ($234 Hz) of the EVA frames sample (black solid curve) is lower than that ($400 Hz) of the ABS frames sample (blue solid curve). Furthermore, at the first dip frequency, the STL amplitude of the EVA frames sample is approximately 6 dB higher than that of the ABS frames one. Similarly, the peak frequency of the EVA frames sample is also lower than that of the ABS frames one, wherein the former is located at about 580 Hz and the latter about 963 Hz. Meanwhile, at each sound insulation peak frequency, the STL amplitude of the EVA frames sample is about 5 dB higher than that of the ABS frames one. Due to the coupling flexural resonance between the plate and frames, the frames provide the rigidity and apply a certain additional mass to the plate through coupling with the plate, and STLs of the EVA frames structure are always greater than those of the ABS frames structure at both the first dip and peak frequencies. Due to the rigidity of the EVA frame is much smaller than that of the ABS frame, the additional mass applied on the plate from EVA frames becomes larger than that from the ABS frames, which leads to that the STLs of the EVA frames sample are always greater than the ABS frames one at both the dip and peak frequencies.
Figure 2(b) shows the measured and simulated STL curves for the structures with two types of frames, wherein the red arrows A and B denote the first dip (192 Hz) and peak (596 Hz) of the simulation results for EVA frames sample, respectively, close to those of the test results (234 Hz and 580 Hz). Meanwhile, the blue arrows C and D denote the first dip (352 Hz) and peak (1012 Hz) of the simulation results for ABS frames sample, respectively, close to those
The measured STL curves of the metamaterials samples (both the EVA and ABS frames structures), the homogeneous 1.5 mm-thickness EVA plate sample, and the results predicted by the mass density law with the surface density of 1.4 kg/m 2 , wherein the black (blue) solid curve denotes the measured STLs of the EVA (ABS) frames structure, the red solid curve denotes the measured STLs of the EVA plate with 1.5 mm-thickness, and the magenta short dot curve denotes the results predicted by the mass density law; (b) a comparison of the STL curves between the measured and simulated results, wherein the red (blue) solid curve denotes the measured STL of the EVA (ABS) frames structure, and the red (blue) short dot curve denotes the simulated STLs of the EVA (ABS) frames structure; and (c) the simulated vibration displacement contours in the first dip (A) and peak (B) of EVA frames sample and the first dip (C) and peak (D) of ABS frames sample.
of the test results (400 Hz and 963 Hz). Overall, the calculated results are consistent with the measured results, and the calculated vibration displacement profiles could be used to illustrate the sound insulation mechanism of the designed structures, particularly at the first dip and peak frequencies. A comparison between the calculated and the measured results demonstrates that for the EVA frames structure, the calculated STLs are always lower than those measured in the range below 1000 Hz, and only in the range below 800 Hz, the trend of calculated STL curve is similar to the measured one. However, for the ABS frames structure, both the calculated and measured STL curves substantially coincide with each other in the broadband range below 1400 Hz, and the differences of either amplitudes or frequency positions are relatively subtle. For the measured curves, the STLs could keep a higher level above the first peak and then descend gradually; however, there is no high-order sharp STL peak like the calculation results.
The vibration displacement contours at the frequencies denoted by arrows A-D in Fig. 2(b) are shown in Fig. 2(c) , wherein the sound waves are all incident from the lower left side in the figures. It is shown that at the dip and peak frequencies, the lumped coupling resonant modes of the whole samples are excited. At the first dip frequencies, the vibration directions of samples are in-phase to the incident sound wave and the phases reach up to shift points, resulting in the transmitting of sound waves into the structures maximizes, which leads to the STL dips. While at the first peak frequencies, the vibration directions of samples are out-of-phase to the incident sound wave, which leads to the STL peaks and a best anti-resonance effect. Here, the sound attenuation is mainly determined by the reflection due to the anti-resonance effect, which has been experimentally demonstrated by Yang et al. in literature. 13 The main difference of different frames structures is that at the first peak frequencies, for the EVA frames structure, the vibration is mainly shown as the coupling resonance of the supercell in the center and the rest eight cells are almost motionless; while for the ABS frames structure, although the main vibration is still embodied in the coupling resonance of the supercell in the center, the rest eight cells become significantly resonant in-phase with the incident sound wave as well, which results in the drastic reduction of the anti-resonance effect at the peak frequency, and the sound attenuation capability turns weaker than that of the EVA frames structure. The lumped effect exists in most samples, but only for well-designed metamaterials structures, the sound attenuation capability can be effectively improved. Because rigidity of the membrane is many orders smaller than that of frame in the magnitude, the lumped effect is absent in the previous elastic membrane-type acoustic metamaterials. In these membrane-type structures, the localized stiffness of the frame is high enough, which not arouses any coupling resonant modes among the cells, i.e., the lumped effect could only be excited when the bending stiffness of frame is close to or less than that of the plate.
B. Samples with mass disks
Previous researches in the elastic membrane-type acoustic metamaterials have shown that the additional masses on the membrane could be used to not only adjust the resonant frequency of the structure but also enhance the sound insulation or absorption amplitude. Herein, the EVA and ABS frames structures with additional mass disks are also fabricated, and the STLs are measured and numerically calculated, wherein the measured results are shown in Fig. 3(a) . Both surface densities of the two structures with additional masses are approximately 3 kg/m 2 , and the results predicted by the mass density law are given in the figure as the black dot line. By comparing the measured STL curves of two different frame materials structures, it can be seen that the average STL amplitude of the EVA frames sample is approximately 10 dB higher than that of the ABS frames sample in a wide frequency range of below 1250 Hz, and the maximum increase reaches 15 dB. In addition, within the measured frequency band, the STL values of the EVA frames structure are always greater than the results predicted by the mass density law, and in the frequency range above 200 Hz (except the stiffness control region), the STLs of the EVA frames structure keep above 25 dB and the average value is higher than 32 dB, which shows excellent strong broadband sound attenuation ability. Compared with the five-layer elastic membrane-type stacking structure, 1 although the surface density decreases to 1/5 itself and the total thickness to its 1/ 20, the average sound attenuation in the low-frequency broadband could rise up to 97%.
A comparison of the measured and simulated STL curves in Fig. 3(b) could get that, for both the EVA and ABS frames structures, in the range between the first and the second valley, the measured curves fluctuate steady and the deviations between the calculated and measured results are large, while at the other frequencies, the trend of the measured and calculated STLs is similar to each other. For the EVA frames structure, the amplitude and frequency position of the calculated results are in good agreement with those of the measured results at the first STL dip (point-A). In the frequency range between 200 and 1000 Hz, the measured STLs increase slowly and just fluctuate slightly, and no sharp peaks and dips are observed. In addition, a pair of peak and dip is observed at about 1000 Hz and 1300 Hz respectively, which could be, respectively, corresponding to the calculated second peak (point-D) and the third dip (point-E) based on the STLs trend. For the ABS frames structure, the amplitude and frequency of the calculated results agree well with those of the measured one at the first STL dip (point-F) as well. But in the frequency range between 200 and 820 Hz, the fluctuation of the measured STL curve is slight, and sharp peaks and dips are absent, which emerged in the calculated results in this frequency band. Moreover, an obvious pair of peak and dip is produced for the measured STL curve at 820 Hz and 1428 Hz, respectively. The STLs trend suggested that the second dip (point-H) of the calculated results can correspond exactly to the measured one, but at the measured peak frequency, the calculated results do not reach to the second peak, which implies that the peak of the measured result emerges earlier compared with the calculated result. A similar situation also exists in the band around the first peak. Although the first peak of the measured results is not so sharp, the frequency position advances ahead compared with the calculated one, wherein the former appears at about 400 Hz, while the latter at about 708 Hz. Although frequency positions of the calculated and measured results have some deviations, the STLs trends are similar to each other. So, the measured STLs peak feature of the ABS frames structure at 1428 Hz could coincide with the calculated STLs peak feature (point-D) of EVA frames structure. Similarly, the attenuation trend of the measured results for the ABS frames structure above 1428 Hz accords with the calculated STLs trend between point-D and point-E of the EVA frames structure. Merely because the ABS frames are harder than the EVA frames, the corresponding peak and dip do not emerge in the calculation band until the frequency becomes high enough. Furthermore, in the frequency range between the first and second dip, the measured results showed a steady fluctuation, and meanwhile, the STLs keep a high level. The resonant modal group theory proposed in the 2D elastic membrane-type acoustic metamaterials 15 could shed light on this phenomenon. Since the samples are homemade and complex lumped structures rather than simply single cell structures, the difference between the cells is unavoidable.
Higher-order resonant modes of the structures are dominated by the continual localized resonant modes, rather than by resonant modes of the whole samples. As a result, the difference will greatly increase the density of the resonant modes, and therefore, the STLs can keep a higher level in a wide range.
Due to that the total rigidity of EVA frames sample is smaller than that of the ABS frames one, besides the range of 400-500 Hz, a new round of peak and dip appears around the range of 1200-1400 Hz. Even for the simulation results, the STL values keep at a higher level in most bands, while descend to relatively lower level only in a very narrow range. As to the measured results, the fluctuations of STL curve are relatively small, and the amplitudes would remain at a higher but not reduce to be very low level. The vibration displacement contours at the frequencies denoted by arrows A-I in Fig. 3(b) are shown in Fig. 3(c) 3. (a) The measured STL curves of the metamaterials samples with mass disks (both the EVA and ABS frames structures), and the results predicted by the mass density law with the surface density of 3 kg/m 2 , wherein the red (blue) solid curve denotes the measured STLs of the EVA (ABS) frames structure and the black short dot curve denotes the results predicted by mass density law; (b) a comparison of the STL curves between the measured and simulated results, wherein the red (blue) solid curve denotes the measured STLs of the EVA (ABS) frames structures and the red (blue) short dot curve denotes the simulated STLs of the EVA (ABS) frames structures; and (c) the simulated vibration displacement contours of the point-A to point-I in Fig. 3(b) .
EVA and ABS frame samples have similar displacement distributions. At the first dip frequencies (point-A for EVA frames structure and point-F for ABS frames structure), the vibration modes of samples both with and without additional mass disks are similar to each other, belonging to the firstorder resonant mode of the circular plate. In this case, the vibration directions of samples are in-phase with the incident sound wave and the phases reach up to shift points, which lead to the STL dips. At the first peak frequencies (point-B for the EVA frames structure and point-G for the ABS frames structure), the vibration modes are dominated by the anti-resonance at the center of the sample, accompanied by a slight resonance in the surrounding region. Since the antiresonance in the center is stronger than the resonance in the surrounding region, a STL peak with an excellent sound insulation capability arises. For the EVA frames structure, at point-C, the center of the sample becomes in-phase resonant with the sound wave, while the surrounding region become anti-resonant. Due to that the resonance in the center is stronger than the anti-resonance in the surrounding region, a clear STL dip is produced. At point-D and point-E, vibration patterns of the lumped structure are relatively complicated for the coexistence of resonance and anti-resonance, and the STL amplitudes could be held at a high level. At the peak of point-D, the STL amplitude reaches up to about 60 dB and that reaches up to 40 dB at the dip of point-E. Conversely, for the ABS frames structure, at point-G, the center of the sample becomes out-of-phase anti-resonant with the sound wave, while the surrounding region becomes in-phase resonant. Due to that the anti-resonance at the center is stronger than the resonance in the surrounding region, a sharp STL peak is produced. While at point-H, anti-resonance in the center is weaker than the resonance in the surrounding region, which results in a clear STL dip. In the whole frequency range above point-H, vibration patterns of the structure at different frequencies are similar to each other, i.e., the coexistence of resonance and anti-resonance, and the STL amplitude could keep a high level and increase gradually. Because the STLs trend of the calculated results in this frequency band is consistent with that of the measured results between 820 Hz and 1428 Hz besides that the peak frequency in the former is ahead of that in the latter, the peak feature in the experimental data can be revealed by the vibration mode at point I, which exhibits weak resonance in the sample center and strong anti-resonance in the surrounding region.
The proposed structures are no longer the simple single cell structures, some differences between the calculated results and the experimental data are produced, and so are the changes in the frequency positions or amplitudes. The main reason for the difference of the frequency positions is the differences of the structure geometric details and the boundary condition between the calculation models and the actual samples. In the aspects of structure geometric details, as the samples are home-made, irregular geometric shapes, the differences of the cells, the mass eccentric, and the undesirable paste conditions between the different materials are unavoidable, which will be possible to affect the resonant frequency positions of the actual samples and result in the large number of undulation peaks and valleys between the first and the second dips of the experimental data in Fig.  3(b) , either for the EVA or ABS frames structures. In terms of the boundary conditions, the samples are measured in the tube without clamping, and the sample boundary surfaces are not completely circular; thus, there are some differences between the boundary condition in the measured specimens and the ideal fixed constraint boundary condition in the calculation models. Moreover, the amplitude differences are mainly affected for its sensitivity to the materials damping. Meanwhile, damping is very complex and often varies with the frequency non-linearly, especially for the polymer materials. In the calculation models, the viscoelastic damping loss with 5% ratio is employed, which has some differences with the complex damping characteristics of the actual samples, and leads to that the damping is both too large in the low-frequencies and too low in the high-frequencies. These differences further suggested that the design and fabrication of complex lumped cell structures are more challenging than the single cell structures.
C. Discussions for the lumped effects
Since the stiff nylon plate has sufficient rigidity and needs no additional tension, this satisfies the vibration equations of plates. According to the vibration theory of plates, the natural frequencies of the sample can be adjusted by the lateral dimension parameters (lattice constants and the whole sample size), plate thickness, surface density, and material properties of the frames. Since the lumped coupling resonant effect in this study is realized by multiple cells composite samples, these structures are relatively complex and difficult for building the analytical model for quantitative analysis. However, based on the vibration theory, the influences of the frame stiffness, the bending stiffness, and surface density of plate on resonant frequencies and the lumped coupling resonance effect could be qualitatively discussed. Assuming the lateral vibration displacement of thin plate is w, then the bending vibration equation of homogeneous plate is
where m s , D, E, l, and h are the surface density, bending stiffness, Young's modulus, Poisson's ratio, and thickness of the thin plate, respectively, and D ¼ 
By substituting Eq. (3) into Eq. (2) and eliminating the item of ðA cos xt þ B sin xtÞ, the vibration differential equation can be obtained as
If the non-zero solutions of differential equations that satisfy the boundary conditions can be obtained from Eq. (4), the corresponding natural frequency x can be solved by the following relationship:
In fact, it is possible to get the analytical solution only when the surface density m s is a constant, and in this case, let
Then, the vibration differential equation Eq. (4) can be simplified to the differential equations with constant coefficients as
In this case, it is much easier to obtain the non-zero analytical solution of W satisfying the boundary function and the corresponding c, and then solve the natural frequency through Eq. (6). For different coordinate systems, the forms of differential equation and solution are different. Moreover, considering the differences of the plate geometry and boundary conditions, the solution of vibration differential equation is also different.
Due to the characteristic of the proposed structures in this work that the localized stiffness of the frame is insufficient to completely segregate the adjacent cells, the loworder resonant modes of the entire samples are determined by the vibration frequency of the entire circular plate structure, which can be lively demonstrated by the aforementioned simulation results. According to Eq. (5), x 2 / D m s , wherein the flexural stiffness D is derived from the plate and frame. For a single cell, the frame plays the role of providing localized stiffness, while for the entire composite sample, the frame together with the plate play the role of providing the total structural rigidity. The localized stiffness can be roughly evaluated by the volume rigidity of plate and frame, and herein the volume stiffness is defined as the product of volume and elastic modulus for each component. For the samples shown in Figs. 1(a) and 1(b) , normalizing the volume stiffness by the volume stiffness of plate deduces a nondimensional coefficient, which is 1, 0.19, and 0.94 for the plate, EVA frames and ABS frames, respectively. As can be seen, the volume stiffness coefficient of the plate is five times higher than that of the EVA frames, and slightly higher than that of the ABS frame. Therefore, due to the volume stiffness coefficient of the employed frame is lower than that of the plate, which satisfies the condition to arouse the lumped coupling resonant effect. In addition, for the two groups of samples with the same thin plate and without mass disks, the flexural stiffness of ABS frames sample is greater than that of the EVA frames one, which makes the former higher than the latter in the resonance frequencies, regardless at the first dip or peak frequency of STL curves, so do the two groups of structures with mass disks. For samples with the same frame and plate, by comparing the cases of with and without the mass disks, it can be seen that the surface density of the sample with mass is higher than that of the sample without mass, and according to Eq. (5), the resonant frequency of the former is lower than that of the latter.
This work has some generalities with previous works about the elastic membrane-type acoustic metamaterials.
1,2, 14, 15, [19] [20] [21] [22] [23] [24] 29, 30 First, it is also developed from the local resonance theory and the membrane-type structure proposed by Yang et al.;
13 second, the motivation is also to achieve the broadband excellent sound insulation performance in the low frequency range. In fact, from the previous literatures, it can be concluded that to achieve the broadband sound insulation, there are three types of method used frequently, i.e., stacking multi-layer structure in together, 1,30 using the coaxial ring masses structure, 19 and introducing the multiple cells coupling structure by different single cells.
2, 22 The most common square lattice structure form is employed herein, but there are also many differences from the structures in the literatures: (1) the elastic membrane used in the conventional structures has been replaced by a stiff plate, which needs no tension again, and such a substitution makes the tension dependent feature eliminated and the material life cycle enhanced as well; (2) by introducing the flexible frame with rigidity lower than that of the plate into the structure design, samples with the double coupling behaviors, including both the plate coupling with the frame and the multiple cells within the plate plane coupling with one another, are constructed, which is equivalent to the fourth concept for broadband low frequency sound insulation in addition to the three methods achieved above; (3) even without the mass disks, very excellent low frequency sound insulation performance is obtained; (4) the low rigidity feature of the membrane plays the key role in previous structures, while in this work the rigidity of the plate is greater than that of the frame, and the flexural resonance characteristic of composite structures plays an important role. From another perspective, this work can also be seen as a development of the previous multiple cells coupling method in plate plane, and an in-depth development for the previously reported frame compliance feature. 22 Compared with the previous elastic membrane-type acoustic metamaterials structures that were proposed by Yang et al.,
1 although the unit cell structures are similar to each other, the sizes of the overall structure in the thickness direction and the surface density are significantly reduced (the thickness of single layer in the literature is 15 mm, and that in this study is about 3 mm), while the STLs of single layer are significantly improved even without any additional mass disks. It is necessary to mention that due to the existence of interfaces between different material components in the proposed structure, not only the lumped coupling resonant behavior proposed here, but also the generalized locally resonant behavior of the previous membrane-type and platetype acoustic metamaterials can be linked with the plasmonlike resonant behavior by the transmission coefficient or dynamic effective mass density. The dynamic effective mass density values keep remaining negative below the cut-off frequency and at the cut-off frequency the values reach up to 0, wherein the sound transmission significantly enhances with value up to 1. 23 Such a feature accords with the plasmon-like resonant behavior as well, where the dynamic effective mass density reaches up to 0 and realizes a transmission enhancement effect at the cut-off frequency. 8, 32 
IV. CONCLUSIONS
This work has proposed a type of ultrathin lightweight stiff plate-type acoustic metamaterials structures with excellent sound attenuation ability in a much wider low-frequency range. Even without any additional mass disk, strong sound attenuation up to nearly 99% could be experimentally realized by these carefully designed structures. For the single layer structures with additional mass disks, hitherto inaccessible functionality of low-frequency broadband (<1600 Hz) sound attenuation with average STL amplitude higher than 32 dB could be obtained. By using the softer EVA and stiffer ABS frames in both with and without additional mass disks cases, the lumped coupling resonant effect of stiff plate-type acoustic metamaterials are experimentally and theoretically introduced. Through different design idea, as an important negative factor for low frequency sound attenuation, the lumped resonant effect has been successfully transformed into a positive factor, by which the low frequency sound attenuation capability is greatly improved; in the meantime, the thickness and surface density of structures could also be significantly reduced. Remarkably, the structures with sufficient localized rigidity to separate the unit cells are also necessary. As the lumped "cell" could be designed with large size, the total amount of separating structures for the largescale "cells" could be greatly reduced.
To sum up, there are several advantages in this type of structures. First, the mechanical and acoustical performances are stable and tunable, which have not only sufficient strength and long lifetime cycle, but also very strong sound insulation ability in the low-frequency broadband range to meet the requirements of noise reduction in engineering application. In addition, the features of ultrathin thickness and small surface density in the proposed structures satisfy the requirements for lightweight in all kinds of aircraft and other vehicles. Moreover, the negative influence of the lumped effect is eliminated, and meanwhile, the tension becomes unnecessary so as to eliminate the difficulty of tension control. The introduced lumped coupling resonant effect could open a new insight to understand the role of frame and additional masses, and the acoustic metamaterial design could be developed to design the large-scale units with multiple cells, rather than confined to a single cell.
